Protein transport is an important phenomenon in biological systems. Proteins are transported via several mechanisms to reach their destined compartment of cell for its complete function. One such mechanism is the microtubule mediated protein transport. Up to now, there are no reports on synthetic systems mimicking the biological protein transport mechanism. Here we report a highly efficient method of mimicking the microtubule mediated protein transport using newly designed biotinylated peptides encompassing a microtubule-associated sequence (MTAS) and a nuclear localization signaling (NLS) sequence, and their final conjugation with streptavidin-coated CdSe/ZnS quantum dots (QDs). Our results demonstrate that these novel bio-conjugated QDs enhance the endosomal escape and promote targeted delivery into the nucleus of human mesenchymal stem cells via microtubules. Mimicking the cellular transport mechanism in stem cells is highly desirable for diagnostics, targeting and therapeutic applications, opening up new avenues in the area of drug delivery.
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I n the mammalian cell, the cell membrane acts as a barrier to cargoes (ions, small molecules or macromolecules). In higher order biological systems, a nuclear localization signal (NLS) is essential for targeting macromolecular cargoes to the nucleus. Studies on stem cells hold much promise for human regenerative medicine. Recent advances in the field of nanoparticles (NPs) generated novel applications in biomedicine including regenerative medicine. Applications such as imaging, diagnostics and drug delivery (the so-called theranostics) require precise targeting approach for their successes [1] [2] [3] [4] . NPs have been engineered to induce membrane receptor internalization, followed by downstream signaling and subsequent cellular responses. NP-mediated cellular response is size-dependent 5 . Gold NPs have been shown to be a powerful vehicle for drug delivery 6 . The presence of Herceptin-gold NP complexes within endosomes showed that receptor-mediated uptake is the most probable mechanism. There are several biological barriers at the cellular level that the engineered NPs must overcome, starting from cell membrane to sub-cellular compartment (cytosol, mitochondria or nucleus). Several endocytotic mechanisms can be engaged to facilitate the internalization of a carrier. In clathrin-mediated endocytosis, endosomal escape must occur before fusion with a lysosome to prevent degradation of the cargo by the harsh lysosomal conditions. More importantly, the endosomal escape is usually necessary to allow access of the carrier to the desired sub-cellular compartment 7 . For example, the uptake of TAT-functionalized Au NPs was enhanced in HeLa cells and the particles initially found in the cytosol, nucleus, mitochondria and later within densely filled vesicles were released, negotiating intracellular membrane barriers quite freely, including the possibility of direct membrane transfer 8 . The intracellular delivery of quantum dots (QDs) is mainly governed by size, surface charge and coatings [9] [10] [11] . Different types of peptides have been used as the promising candidates for intracellular delivery of QDs [9] [10] [11] [12] [13] [14] [15] . Recent advances include the enhancement of intracellular delivery of streptavidin-conjugated QDs into mouse fibroblast cells using biotinylated L-arginine peptides 10 , TAT-functionalized QDs for selective intracellular transport, vesicle shedding and delivery 9, 13, 14 . Arginine-glycine-aspartic acid (RGD) peptides have been conjugated to target QDs specifically to tumor angiogenesis for theranostics 12, 16 . Despite these advances, the effective nuclear targeting (since many of the anti-cancer targets are located in the nucleus) and therapeutic applications of QDs are still limited by their poor intracellular delivery and aggregation within the endosomes. We have chosen CdSe QDs as a model system owing to their superior optical properties and stability. Here we show a simple approach for the effective nuclear targeting via microtubules using a combined peptide approach involving both NLS and microtubule-associated sequence (MTAS) peptide-QD conjugates.
Results
Importance of endosomal escape and designing of peptide sequences. In the area of NP-mediated drug delivery, it is assumed that only ,10% of active drugs would escape the endosomes and reach the nucleus. Therefore, an endosomal escape is highly indispensable. To achieve this, we have initially designed a peptide sequence based on NLS and a transportan protein (TP); the latter has been used for the delivery of siRNA/proteins/PNA [17] [18] [19] . First, we demonstrate the design of a novel peptide sequence containing TP and SV40-NLS peptides to elucidate the nuclear targeting via endosomal escape using CdSe/ZnS QD-peptide conjugates. In another interesting design, we could mimic the cellular protein transport pathway using MTAS and NLS peptide-QD conjugates. We believe this combined strategy would increase the endosomal escape of cargoes, and be useful for optimal drug delivery to the nucleus. We have systematically designed and studied different peptides (SV40-NLS, TP, short MTAS (s-MTAS) and long MTAS (l-MTAS)) to determine which one of them is more efficient in delivering the QDs to cell organelles, e.g. the nucleus for effective targeting (Fig. 1 ). We will show the efficacy of peptide coating method for labeling stem cells and transporting QDs to the nucleus via microtubules using mixed NLS and l-MTAS peptides. We believe that this is the first report of nuclear targeting of QDs through microtubules using a biomimetic approach.
QD-peptide conjugates. Our initial study suggested that a short chain peptide, e.g. glutathione (GSH) can be used in transferring the CdSe/ZnS QDs into water. The peptide coating of QDs was performed in Igepal reverse micelles (see Methods). The peptidecoated QDs were purified by several rounds of centrifugation in ethanol before they were dispersed in water or buffer solutions. We have also analyzed the effects of peptide coating method on plain CdSe QDs (i.e. without ZnS shell). The emission of CdSe QDs coated with NLS peptides at 520 nm was more intense and sharp as compared to the QDs coated with NLS and TP peptides (Supplementary Fig. S1 ). In literature, the trioctyl phosphine oxide (TOPO) ligands on the QDs are often exchanged with thiol-functionalized compounds such as mercaptoacetic acid 20 , dihydrolipoic acid 21 , dithiothreitol 22 and cysteine-containing peptides 23 . The QDs have also been coated with inorganic silica [24] [25] [26] [27] or organic protective polymer 28 . Silica and polymer coatings significantly increased the overall size to .20 nm, and restricted their use to certain imaging applications. In contrast, our peptide-coated QDs exhibited a mean particle diameter of only 6 nm. is illustrated in Fig. 2 . While significant nuclear labeling (presumably due to endosomal escape) is observed with NLS-TP-coated QDs (Figs 2a and 2b), the nuclear labeling efficiency appeared to be low with NLS-coated QDs (Figs 2c and 2d) . Conversely, the control GSH-coated QDs were found to be accumulated in the endosomes of human mesenchymal stem cells (hMSC) (Supplementary Fig. S2 ). Our observations are in consonance with earlier studies in the literature that showed the co-localization of similar CdSe/ZnS QDs coated with polyethylene glycol (PEG) grafted polyethylenimine (PEI-g-PEG), which penetrated the cell membrane and were trapped in endosomes 29 . In a very recent report, the association of QDs in early endosomes and late endosomes was colocalized by EEA1 and CD63 antibodies, respectively 30 . These co-localization studies and our control GSH labeling further corroborated the endosomal escape of NLS-TP peptide-coated QDs.
Conventional nuclear targeting with SV40-NLS. The transport of CdSe/ZnS QDs coated with SV40-NLS and SV40-NLS-TP peptides
Microtubule associated QD transport for efficient nuclear targeting. Cytoskeleton, the cellular scaffold, is composed mainly of microtubule and actin filaments. The microtubule is composed of tubulin filaments, which helps in various cellular activities such as signaling, macromolecular cargo and nucleic acid transport between the nucleus and other compartments of the cell 31 . The nuclear compartment of a cell is separated from the rest of the cell by a nuclear envelope, which contains nuclear pore complex for the transport of macromolecules that are anchored with NLS sequence. The transport of proteins on the microtubule elements is called axonal transport, which is well studied in neuronal cells. This transport is facilitated by complex motor proteins involving various kinesin molecules 32 . Importantly, many proteins such as cancer related protein p53 33, 34 and parathyroid hormone related protein (PTHrP) 35 are dependent on the microtubules for efficient nuclear transport. PTHrP harbors a specific sequence that can interact with microtubules for its facilitated transport and the peptide sequence responsible for this interaction is called microtubule associated sequence (MTAS).
To mimic the microtubule assisted cargo transport, we have designed peptides that were reported in the biological systems (PTHrP) to bind microtubules. The sequence identified in PTHrP (containing NLS and MTAS domains) spans ,44 amino acids (Fig. 1) . However, the MTAS domain resides at the c-terminal region of the peptide sequence and spans 27 amino acids, while the NLS domain spans 30 amino acids upstream of MTAS domain. l-MTAS consists of both NLS and MTAS domains, while s-MTAS contains only the NLS with partial MTAS domain. We tested the feasibility of l-MTAS and s-MTAS for their ability to transport the QDs via microtubules. To test the targeting concept, we have also used biotinylated peptides and red/green streptavidin-QDs. The transport of QDs via microtubules prior to reaching the nucleus in hMSCs using l-MTAS is clearly observed (Figs. 3a and 3b) . The detailed images of different channels are shown in the Supplementary Fig. S3 . We also imaged different locations of a single cell at higher magnification and 'stitched' the images to generate a complete image ( Supplementary  Fig. S4 ). These images convinced us that the QDs were transported via microtubules to the nucleus. s-MTAS conjugated QDs did not show the transport along the microtubules. Most of the QDs were trapped on the membrane of the hMSCs (Fig. 3c) . This illustrated that the presence of NLS sequence alone was not sufficient to target the QDs to the cell nucleus. More distinctly, we did not observe the microtubule assisted transport of the s-MTAS-QDs, which showed that the l-MTAS domain was necessary for the active transport of QDs via microtubules. Our results were similar to the observations made on the biological systems. Earlier studies with deletion of the MTAS domain resulted in the random accumulation of mutant outside the cell nucleus 36 . Co-localization of l-MTAS-QD with anti-tubulin antibody. In order to further confirm the transport of the QDs via microtubules, we performed co-localization staining experiments with anti-tubulin antibodies. In Fig. 4 , microtubule is stained with antitubulin-Alexa Fluor-488 secondary antibody, the nucleus is stained with DAPI, and the red channel is stained with streptavidincoated CdSe/ZnS QDs conjugated with biotinylated l-MTAS. Antitubulin antibody staining confirms the arrangement of microtubules (Fig. 4a) . It is clear that the QDs are organized in a fashion similar to the microtubule distribution and there is a clear accumulation of QDs in the nucleus (Fig. 4b) . DAPI is used to stain the nuclear compartment (Fig. 4c) . Overlaying the red, green and blue channels distinctly illustrates the alignment of QDs on the microtubules of hMSC and the accumulation of QDs in the nucleus (Fig. 4d) . The presence of l-MTAS-QDs on the tubulin filaments was further confirmed by the zoomed images taken on a part of hMSC under high magnification (Supplementary Fig. S5 ). On the other hand, staining the actin filaments with phalloidin-Alexa Fluor 488 showed that the QDs were not co-localizing with actin filaments, suggesting the microtubule specific association of MTAS peptide ( Supplementary Fig. S6 ). Additionally, confocal laser scanning microscopy was used to further confirm the co-localization of l-MTAS-QDs with tubulin filaments. Z-stack scanning was done on the samples stained with anti-tubulin antibody. Orthogonal analysis of the z-stacks confirms the presence of l-MTAS-QDs on the tubulin filaments (Fig. 5a ). Next, we quantitatively estimated the fluroscence intensity in the nuclear compartment of the cells incubated with QDs containing SV40-NLS, SV40-NLS-TP, l-MTAS and s-MTAS using Image J software (freeware from NIH). We measured the intensities of entire cell (total) and nuclear compartments of several individual cells in each group. The ratio of fluorescence intensity between nuclear and total cell labeling is much higher for l-MTAS conjugated QDs (Fig. 5b) .
Requirement of microtubules for nuclear transport. To further confirm the microtubules assisted delivery of QDs to the nucleus, we disrupted the microtubule assembly with a small molecule, nocodazole, which is commonly used in biological experiments to validate the functional role of microtubules. We found that the uptake of QDs was very low or almost none in the nocodazole-treated hMSCs (Fig. 6a) . The DAPI stained nucleus is shown in Fig. 6b . Antitubulin antibody staining of hMSCs treated with 5 mg/ml of nocodazole clearly indicated the disrupted cytoskeletal elements (Figs 6c and 6d) . These results further confirmed that QDs with MTAS peptides required microtubules for their efficient internalization and transport to the nucleus.
Discussion
In this communication, we have presented a novel method to transport the QDs to the nucleus of hMSC through microtubules. The successful delivery of NPs, drug molecules or genes into sub-cellular compartments requires a clear understanding of the cellular machinery in order to keep the cell functions intact. Advances in molecular and cellular technologies have identified many anti-cancer targets including signal transducer and activator of transcription (STAT) proteins and Karyopherin beta proteins in the nucleus 37 . The most commonly used methods for the delivery of genes into the nucleus of cells are viral and non-viral vectors. Often, this method raises the safety concerns for precise delivery of gene products.
Earlier, cell penetrating peptides (CPP) were used to cross the cell membrane for cytosolic delivery. It is worth mentioning here that the structurally ordered ligand shell morphology 38 of striped Au NPs (analogous to CPP) penetrated the membrane and internalized into cytosol of the cell, whereas similar particles but with unordered ligands on the surface resulted in trapping within endosomes 39 . Interestingly, passive (e.g. CPP, proton sponge polymer carrier) and active targeting methods (e.g. electroporation, microinjection) have been developed to deliver QDs into the sub-cellular targets. Recently, a photothermal nanoblade method was used to deliver the tubulin-coated QDs onto growing microtubules in the cytoplasm of Hela cells 40 . Although the use of protein sequences to transport genes into specified location of cells especially to the nucleus through microtubules has been successful, the sequence specificity is debatable. Here, we have combined the peptide sequence of both NLS sequence and microtubule binding sequence of PTHrP 35 protein for targeting QDs into the nucleus. Our data suggest that NLS sequence alone will not be sufficient to transport QD to the nucleus, but combining the l-MTAS sequence with NLS makes it a more distinct method for efficient transport to the nucleus. In addition, our studies on the non-co-localization of QDs with phalloidin and microtubule disruptions using nocodazole confirm the specificity of this sequence required for the transport through microtubules. The complete colocalization of QDs with microtubules while transporting to the nucleus confirms the sequence accuracy of our method.
In summary, we have demonstrated for the first time a biomimetic transport of QDs to the nucleus of the adult stem cells. We have demonstrated two new methods for the nuclear targeting of QDs. The first one was based on the combination of two long chain peptides (NLS and TP), which enabled the release of CdSe/ZnS QDs from endosomes. The second approach mimicked the cellular protein transport pathway via microtubules. Co-localization and tubulin disruption studies have highlighted clearly the mode of transport of QDs to the nucleus. We have also found that the QDs could be delivered more efficiently into the nuclei of the cells. The higher nucleus labeling efficiency of over 60% confirmed the advantage of the microtubule-associated delivery in comparison with other methods. We believe this precise targeting approach can be extended to anti-cancer targets within the nucleus, and hence open up new avenues in drug delivery applications.
Methods
General. All chemicals required for QD synthesis were purchased from SigmaAldrich, and used as received without further purification. SV40-NLS, TP and biotinylated MTAS-NLS peptides were obtained from GL Biochem Ltd (Shanghai, China). Emission spectra were acquired with a Fluorolog FL 3-11 fluorometer using a quartz cell with 1-cm path width.
Synthesis of CdSe/ZnS QDs. All syntheses were performed in air-free atmosphere in a blanket of Ar. Highly luminescent CdSe/ZnS QDs (quantum yield 5 60%) were synthesized using stearic acid (SA), TOPO and tetradecylphosphonic acid (TDPA) in accordance with literature procedures 41, 42 . In a typical synthesis, CdO (0.05 g, 0.39 mmol) and SA (1.3 g, 4.57 mmol) were loaded into a three-necked flask and pumped under vacuum for 20 min. The mixture was heated under Ar to ,200uC to form cadmium stearate, resulting in a clear solution. After being cooled to room temperature, the flask was further charged with TDPA (0.16 g, 0.57 mmol) and TOPO (7 g, 18.1 mmol), and heated to 280uC. Se (0.32 g, 4 mmol) dissolved in trioctylphosphine (TOP) (8 g, 21.6 mmol) was injected swiftly and held at that temperature for a different growth period to reach the desired size for green and red emitting QDs. The reaction was then cooled to 190uC, and a mixture of 6 mL of diethyl zinc (Zn(Et) 2 , 1.1 M in toluene) dissolved in 8 mL of TOP and 1.5 mL of hexamethyl disilathiane was gradually injected over 10 min. The reaction was allowed to proceed for 1 h at 180uC. Finally, the heating mantle was removed, and the reaction was cooled to 40-50uC; 10 mL of chloroform was added to avoid the solidification of TOPO. Excess capping agents and decomposition products were removed by precipitation and re-dispersion cycles with methanol and chloroform, respectively.
NLS/TP peptide coating of QDs. The peptide coating of QDs was done in Igepal reverse micelles (0.11M). To the 4 mL of micelles, 100 mL of NLS and 100 mL of TP (10 mg/mL of water) were added and stirred for ,5 min until the solution became clear. To deprotonate the carboxyl and thiol groups, 100 mL of TMAH (tetramethyl ammonium hydroxide in 2-propanol/methanol mixture) was added. Finally, 100 mL of TOPO-capped CdSe/ZnS QDs (5 mg/mL of chloroform) was added and stirred for 18 h. The peptide-coated QDs in the microemulsion were flocculated by the addition of ,2 mL of ethanol and centrifuged at 6000 rpm for 5 min. The fluorescent pellet was washed with 151 volume of cyclohexane and ethanol, and centrifuged one more time. The dried pellet was readily soluble in de-ionized water. The pH of the coated particles in water was ,7.
Bioconjugation of biotinylated peptides with streptavidin-QDs. 50 nM concentration of streptavidin-conjugated QDs were prepared in a 100 mL of PBS containing 5% BSA. The biotinylated MTAS-NLS peptides were added to the streptavidin-conjugated QDs and incubated at room temperature for 15 min. The peptide-coated QDs were diluted further to 200 mL with DMEM. 100 mL of the peptide-coated QDs was added to the cells grown on cover glasses and incubated as described below.
hMSC labeling with QD-peptide conjugates. hMSCs were obtained from Lonza (Singapore) and cultured with the MSCGM (Lonza, Singapore) media. The cells were used for experiments within five passages of culture. Approximately, 50, 000 cells were seeded onto cover glasses placed in a 6-well plate. The QD-peptide conjugates were added to the cells in serum-free media. The cells were incubated for 30 min at 37uC. The cells were washed with PBS and fixed with 4% formaldehyde. The cover glasses were mounted on a slide and observed in a fluorescence microscope (Olympus); images acquired were processed using Image J software.
Nocodazole treatment of hMSCs. hMSCs grown on cover glasses were exposed to 5 mg/ml of nocodazole in the growth media for 4 h prior to QD addition. The disruption of the cytoskeletal elements was verified with phalloidin staining. The cells were further incubated with QDs for 30 min. The cells were fixed as described earlier and observed under fluorescence microscope.
Confocal laser scanning microscopy imaging and z-stack analysis. The cells were incubated with l-MTAS-QDs (red) as described earlier. Cells were fixed and subjected to immunostaining with anti-alpha-tubulin monoclonal antibody (mouse IgG1 isotype from Sigma, Singapore) and diluted 15200 in PBS containing 5% BSA. Anti-mouse secondary antibody conjugated with Alexa Fluor-488 dye was used as the secondary antibody to detect tubulin filaments (green); further nuclei were labeled with DAPI (blue). The samples were imaged under confocal microscope (Zeiss LSM 510 META, Biopolis Shared Facility, Singapore). Orthogonal analysis was done on the z-stack images using ImageJ software.
